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ABSTRACT 
The r e s u l t s  of stress co r ros ion  t e s t s  on aluminum a l l o y s  have been 
ana lyzed  w i t h  r e s p e c t  t o  t h e  s t a t i s t i c a l  n a t u r e  of t h e  d i s t r i b u t i o n  of 
f a i l u r e  t imes .  The a n a l y s e s  i n d i c a t e d  t h a t  t h e  d a t a  were r e p r e s e n t e d  
adequa te ly  by a three-parameter  Weibull d i s t r i b u t i o n  i n  which t h e  
i n d u c t i o n  pe r iod  amounted t o  85 pe rcen t  of t h e  t ime of t he  f i r s t  observed 
f a i l u r e  and 55 p e r c e n t  of the time r e q u i r e d  f o r  f a i l u r e  of h a l f  t h e  
specimens.  
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DISTRIBUTION OF FAILURE TIMES I N  
STRESS CORROSION TESTS 
By J .  B .  Gayle 
George C .  Marsha l l  Space F l i g h t  Center  
SUMMARY 
R e s u l t s  of stress c o r r o s i o n  t e s t s  on aluminum a l l o y s  have been 
ana lyzed  w i t h  r e s p e c t  t o  t h e  s t a t i s t i c a l  n a t u r e  of t h e  d i s t r i b u t i o n  
of f a i l u r e  times. The a n a l y s e s  i n d i c a t e d  t h a t  t h e  d a t a  were r e p r e s e n t e d  
a d e q u a t e l y  by a three-parameter  Weibul l  d i s t r i b u t i o n  i n  which t h e  
i n d u c t i o n  p e r i o d  amounted t o  85 percent  of t h e  t i m e  of t h e  f i r s t  
observed f a i l u r e  and 55 p e r c e n t  of t h e  t i m e  r e q u i r e d  f o r  f a i l u r e  of 
h a l f  t h e  specimens.  The r e s u l t s  were c o n s i s t e n t  w i t h  a mechanism 
whereby each specimen i n  t h e  group was a t t a c k e d  c o n t i n u o u s l y  and 
s imul taneous ly  i n  such a manner t h a t ,  a f t e r  t h e  i n d u c t i o n  p e r i o d  was 
o v e r ,  t h e  p r o b a b i l i t y  of f a i l u r e  of t h e  remainihg specimens i n c r e a s e d  
p r o g r e s s i v e l y  w i t h  t i m e .  No evidence f o r  r e t a r d a t i o n  of t h e  p r o c e s s  
by d e p l e t i o n  of reactive s i tes  o r  accumulat ion o f  c o r r o s i v e  p r o d u c t s  
was n o t e d .  
INTRODUCTION 
The advent  of l a r g e r  and more s o p h i s t i c a t e d  launch v e h i c l e s  h a s  
n e c e s s i t a t e d  t h e  u s e  of materials having h i g h  s t r e n g t h - t o - w e i g h t  r a t i o s .  
T h i s  i s  p a r t i c u l a r l y  t r u e  w i t h  aluminum a l l o y s  which comprise  a p p r o x i -  
mate ly  80 p e r c e n t  of  t h e  d r y  weight of t h e  S a t u r n  V v e h i c l e s .  
U n f o r t u n a t e l y ,  those  a l l o y s  which a f f o r d  maximum s t r e n g t h - t o - w e i g h t  
r a t i o s  a r e  g e n e r a l l y  s u s c e p t i b l e  t o  s t r e s s  c o r r o s i o n ,  which s e v e r e l y  
res t r ic ts  t h e i r  a p p l i c a t i o n .  
Although many i n v e s t i g a t o r s  have s t u d i e d  t h e  e f f e c t s  of s t r e s s  
l e v e l ,  a l l o y  composi t ion ,  type  of c o r r o s i v e  environment ,  and o t h e r  
v a r i a b l e s  on t h e  f a i l u r e  times f o r  such a l l o y s ,  few s y s t e m a t i c  
i n v e s t i g a t i o n s  have been r e p o r t e d  i n  which l a r g e  numbers of r e p l i c a t e  
specimens have been s u b j e c t e d  t o  c a r e f u l l y  c o n t r o l l e d  environments .  
Consequent ly ,  most s t u d i e s  have p e r m i t t e d  e n g i n e e r i n g  e s t i m a t e s  of t h e  
u s e f u l  l i f e  of c e r t a i n  a l l o y s  under v a r i o u s  environmental  c o n d i t i o n s  
b u t  have provided r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  r e g a r d i n g  t h e  mechanisms 
of s t ress  c o r r o s i o n  p r o c e s s e s .  
Accordingly,  t h i s  d i v i s i o n  h a s  i n i t i a t e d  a comprehensive in-house 
and con ' t rac t  r e s e a r c h  program which i s  in tended  t o  e l u c i d a t e  t h e  mechanism 
of s t ress  c o r r o s i o n  p r o c e s s e s ,  t o  develop n o n d e s t r u c t i v e  t e s t  methods f o r  
d e t e c t i n g  stress c o r r o s i o n  p r i o r  t o  a c t u a l  f a i l u r e  of a component, and t o  
develop a l l o y s  having maximum s t r e n g t h - t o - w e i g h t  r a t i o s  w h i c h ' a r e  re la -  
t i v e l y  r e s i s t a n t  t o  stress c o r r o s i o n .  
Previous r e p o r t s  ( r e f .  1 and 2)  have p r e s e n t e d  t h e  r e s u l t s  of 
s c r e e n i n g  tes t s  t o  determine t h e  r e l a t i v e  s u s c e p t i b i l i t y  of  s e v e r a l  
engineer ing  a l l o y s ;  t h i s  r e p o r t  d i s c u s s e s  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  
of  f a i l u r e  t imes of i n d i v i d u a l  a l l o y s ,  w i t h  p a r t i c u l a r  emphasis on t h e  
i n t e r p r e t a t i o n  of t h e  r e s u l t s  w i t h  r e g a r d  t o  p h y s i c a l  mechanisms which 
may be involved i n  stress c o r r o s i o n  p r o c e s s e s .  
DISCUSSION AND CONCLUSIONS 
A survey of r e c e n t  l i t e r a t u r e  y i e l d e d  l i t t l e  i n f o r m a t i o n  which 
could be used t o  s tudy  t h e  d i s t r i b u t i o n  of f a i l u r e  times f o r  any g iven  
a l loy /envi ronment  combinat ion.  Although many i n v e s t i g a t i o n s  of t h e  
e f f e c t s  of environmental  f a c t o r s  have been r e p o r t e d ,  u s u a l l y  only  a 
r e l a t i v e l y  small  number of specimens (from two t o  f i v e )  have been t e s t e d  
i n  each environment.  A l s o ,  some form of a v e r a g i n g  u s u a l l y  i s  a p p l i e d  
t o  t h e  d a t a ,  and t h e  i n d i v i d u a l  r e s u l t s  a r e  n o t  r e p o r t e d .  F i n a l l y ,  i n  
many i n s t a n c e s ,  i t  i s  e v i d e n t  t h a t  t h e  samples a r e  i n s p e c t e d  only  
i n t e r m i t t e n t l y  and t h a t  the  time i n t e r v a l s  between i n s p e c t i o n s  a r e  
long enough t o  i n f l u e n c e  t h e  r e s u l t s  of any a n a l y s i s  of t h e  type  of 
d i s t r i b u t i o n .  
For t h i s  i n v e s t i g a t i o n ,  d a t a  were needed f o r  r e l a t i v e l y  l a r g e  
groups of specimens s u b j e c t e d  t o  a c a r e f u l l y  c o n t r o l l e d  environment .  
Moreover, i t  was e s s e n t i a l  t h a t  a r e c o r d i n g  technique  such a s  time 
l a p s e  photography be used t o  provide  s u b s t a n t i a l l y  cont inuous  i n s p e c t i o n  
o r  t h a t  an  a l loy /envi ronment  combination be selected t h a t  would provide  
s h o r t  f a i l u r e  times so t h a t  cont inuous  v i s u a l  i n s p e c t i o n  would be f e a s i b l e  
Booth and Tucker ( r e f .  3)  r e c e n t l y  p r e s e n t e d  r e s u l t s  of e l e c t r o -  
chemical s t r e s S  c o r r o s i o n  t e s t s  on two l a r g e  s e t s  of 5056-H14 aluminum 
a l l o y  specimens t h a t  were tes ted  i n  an environment i n  which t h e  f a i l u r e  
t imes were r e l a t i v e l y  s h o r t .  One s e t  w a s  t e s t e d  by a n  i n t e n s i o s t a t i c  
method u s i n g  a c u r r e n t  d e n s i t y  of 40 mA/in2; t h e  o t h e r  se t  was t e s t e d  
by a p o t e n t i o s t a t i c  method and used a p o t e n t i a l  of 0.34 v o l t  r e l a t i v e  
t o  a s a t u r a t e d  calomel e l e c t r o d e .  I n  b o t h  methods, t h e  specimens were 
s u b j e c t e d  t o  a c o n s t a n t  stress o f  75 p e r c e n t  of the  0 .1  p e r c e n t  y i e l d  
s t r e s s .  The number of specimens t e s t e d  was 124 i n  t h e  p o t e n t i o s t a t i c  
t e s t  and 77 i n  t h e  i n t e n s i o s t a t i c  t e s t .  
2 
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Booth and Tucker ' s  a n a l y s i s  i n d i c a t e d  t h a t  a log-normal d i s t r i b u t i o n  
could  be used t o  r e p r e s e n t  t h e  d a t a ;  however, it was emphasized t h a t  t h i s  
f i n d i n g  was e m p i r i c a l  and t h a t  no p h y s i c a l  mechanism was a s s o c i a t e d  w i t h  
t h e  s e l e c t i o n  of  t h i s  p a r t i c u l a r  type of d i s t r i b u t i o n .  
To c o n s i d e r  v a r i o u s  p h y s i c a l  mechanisms which could  i n f l u e n c e  t h e  
r a t e  of  stress c o r r o s i o n  p r o c e s s e s ,  t h e  d a t a  have been r e p l o t t e d  on 
semi logar i thmic  c o o r d i n a t e s  i n  FIG 1. This  method of p l o t t i n g  was 
selected because t h e  s l o p e  of t h e  curve a t  any t i m e  i s  r e l a t e d  t o  t h e  
p r o b a b i l i t y  of f a i l u r e  of t h e  i n d i v i d u a l  specimens remain ing  unbroken. 
To f a c i l i t a t e  i n t e r p r e t a t i o n  of the  d a t a  shown i n  FIG 1, several 
mathematical  f u n c t i o n s  corresponding t o  w e l l - d e f i n e d  p h y s i c a l  mechanisms 
have been p l o t t e d  i n  FIG 2 f o r  comparison. These mechanisms a r e  a s  
f o l l o w s :  
Curve No. 1. - T h i s  curve i s  a s t r a i g h t  l i n e  and i s  
i n d i c a t i v e  of expec ted  behavior  when t h e  i n d i v i d u a l  specimens 
of t h e  s e t  a r e  i d e n t i c a l  i n  a l l  r e s p e c t s ,  when t h e r e  i s  no 
l a g  between t h e  s t a r t  of t h e  t e s t  and t h e  beginning  of  t h e  
p r o c e s s ,  and when t h e r e  i s  no p r o g r e s s i v e  change i n  t h e  
c h a r a c t e r  of t h e  remaining u n f a i l e d  specimens o r  t e s t  
c o n d i t i o n s  w i t h  i n c r e a s i n g  time. A t y p i c a l  example of  
t h i s  type p r o c e s s  would be r e p r e s e n t e d  i f  a n  i n d i v i d u a l  
t o s s e d  a group of  c o i n s ,  d i scarded  a l l  c o i n s  showing heads 
as f a i l u r e s ,  r e t o s s e d  the  remaining c o i n s ,  and so on.  
Obviously,  t h e  i n d i v i d u a l ,  c o i n s  would be i d e n t i c a l ;  t h e  
p r o c e s s  would s ta r t  immediately;  and t h e  t e s t  c o n d i t i o n s  
and c o i n s  remaining a f t e r  any g iven  number of t o s s e s  would 
be unchanged from t h e i r  o r i g i n a l  s t a t e ;  i . e ,  t h e  prob-  
a b i l i t y  of o b t a i n i n g  a head on any g iven  t r y  would c o n t i n u e  
t o  be  50 p e r c e n t .  
Curve No. 2 .  - For  t h i s  c u r v e ,  t h e  numerical  v a l u e  of  
t h e  s l o p e  d e c r e a s e s  p r o g r e s s i v e l y  w i t h  t i m e .  Such a curve  
i s  c h a r a c t e r i s t i c  of a process  i n  which t h e  i n d i v i d u a l s  i n  
t h e  o r i g i n a l  s e t  d i f f e r  i n  t h a t  some have a much g r e a t e r  
p r o b a b i l i t y  of f a i l u r e  than o t h e r s .  T h e r e f o r e ,  t h e  d e -  
c r e a s i n g  s l o p e  i s  i n d i c a t i v e  of  a process  of  n a t u r a l  
s e l e c t i o n  whereby t h e  l e a s t  r e s i s t a n t  specimens tend  t o  
f a i l  f i r s t .  Such a curve  a l s o  could  r e s u l t  from c o n t i n -  
uous d e c r e a s e  i n  r a t e  because of  changes i n  t e s t  
c o n d i t i o n s  r e s u l t i n g  from gradual  d e p l e t i o n  of r e a c t a n t s  
o r  r e a c t i v e  s i t e s , a c c u m u l a t i o n  of r e a c t i o n s  p r o d u c t s ,  o r  
o t h e r  f a c t o r s .  
Curve No. 3 .  - F o r  t h i s  c u r v e ,  t h e  numerical  v a l u e  of 
t h e  s l o p e  i n c r e a s e s  p r o g r e s s i v e l y  w i t h  t i m e .  Such a curve  
i s  c h a r a c t e r i s t i c  of a process  i n  which t h e  c h a r a c t e r  of 
3 
t h e  i n d i v i d u a l  specimens o r  t h e  t e s t  c o n d i t i o n s  change 
p r o g r e s s i v e l y ;  t hus ,  t h e  p r o b a b i l i t y  o f  f a i l u r e  i n c r e a s e s  
con t inuous ly ,  This  i s  i n d i c a t i v e  of  a p r o c e s s  i n  which 
some form of d e t e r i o r a t i o n  a t t a c k s  s imul t aneous ly  and 
p r o g r e s s i v e l y  every  i n d i v i d u a l  i n  t h e  s e t .  
Curve No. 4 .  - This  cu rve  i s  a composi te  of Curves 
No. 2 and N o .  3 .  There fo re ,  i t  i s  i n d i c a t i v e  of  a p rocess  
i n  which t h e  i n i t i a l  r a t e  o f  f a i l u r e  i s  dominated by the  
p rogres s ive  i n c r e a s e  i n  t h e  r a t e  o f  t h e  d e t e r i o r a t i o n  
p rocess .  However, f a i l u r e  r a t e s  f o r  extended exposure  a r e  
dominated e i t h e r  by d i f f e r e n c e s  i n  t h e  r e s i s t a n c e  of t h e  
i n d i v i d u a l  specimens o r  by a g radua l  d e c r e a s e  i n  t h e  r a t e  
of  the d e t e r i o r a t i o n  p rocess  because  of  changing tes t  
c o n d i t i o n s .  
Curve No. 5 .  - This  cu rve  i s  s imi la r  t o  Curve No. 3 
except  t h a t  i t  i n d i c a t e s  a de l ay  t i m e  o r  i n d u c t i o n  pe r iod  
be fo re  f a i l u r e s  occur .  Curves i n d i c a t i n g  de lay  times 
s i m i l a r  t o  Curves 1 ,  2 ,  and 4 a l s o  could  be drawn. 
A v i s u a l  comparison of  FIG 1 and FIG 2 p e r m i t s  t he  fo l lowing  
i n f e r e n c e s  concern ing  the  mechanism of the  p a r t i c u l a r  s t ress  c o r r o s i o n  
p rocesses  r e p r e s e n t e d  by t h e  d a t a  i n  FIG 1: 
1. The r a t e  of  t he  d e t e r i o r a t i o n  p rocess  r e s u l t i n g  
i n  f a i l u r e  i s  ex t remely  slow a t  f i r s t  b u t  i n c r e a s e s  pro-  
g r e s s i v e l y  w i t h  t i m e .  
2 .  Each i n d i v i d u a l  i n  t h e  s e t  of specimens i s  a t t a c k e d  
s imul taneous ly  w i t h  d e t e r i o r a t i o n  c o n t i n u i n g  g r a d u a l l y  u n t i l  
f a i l u r e  o c c u r s .  
3 .  There i s  a n o t a b l e  l a c k  o f  ev idence  f o r  marked 
d i f f e r e n c e s  between i n d i v i d u a l  specimens o r  f o r  e v e n t u a l  
r e t a r d a t i o n  of  t he  d e t e r i o r a t i o n  p rocess  because  o f  
accumulat ion of c o r r o s i o n  p r o d u c t s ,  d e p l e t i o n  of  r e a c t i v e  
s i t e s ,  or  o t h e r  f a c t o r s .  
In  view of t h e  dominat ing i n f l u e n c e  of  t he  con t inuous ly  i n c r e a s i n g  
p r o b a b i l i t y  of f a i l u r e  on the  o v e r a l l  behav io r  p a t t e r n ,  t h e  d a t a  i n  FIG 1 
were ana lyzed  f u r t h e r  w i t h  respect t o  t h i s  v a r i a b l e .  A s  i n d i c a t e d  p r e -  
v i o u s l y ,  t h e  p r o b a b i l i t y  of  f a i l u r e  a t  any g iven  t i m e  i s  r e l a t e d  t o  t h e  
s l o p e  of the  l i n e .  I n s p e c t i o n  of  t he  p l o t t e d  d a t a  i n d i c a t e s  t h a t  t h i s  
s l o p e  i s  equal  t o  z e r o  over  the  i n t e r v a l ,  t e q u a l  z e r o  t o  t equa l  to, 
and i n c r e a s e s  numer i ca l ly  t h e r e a f t e r .  Th i s  co r re sponds  t o  a t h r e e -  
parameter  Weibull d i s t r i b u t i o n  o f  t h e  type commonly used t o  r e p r e s e n t  
f a i l u r e  d a t a .  
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( t  - to )  I n  F = 
a 
where : 
F = f r a c t i o n  of specimens remaining unbroken 
t = t i m e  
a t  t i m e  t 
t o  = a de l ay  time o r  i nduc t ion  pe r iod  b e f o r e  
which f a i l u r e s  do n o t  occur  
a ,  b = c o n s t a n t s  
By a combinat ion i t e r a t i o n  and l e a s t  squa res  t echn ique ,  e q u a t i o n s  o f  
t h i s  t y p e  were ob ta ined  f o r  the  two s e t s  of da t a  a s  f o l l o w s :  
In  F = -3 .798  x ( t  - 56) 2.545 (equat ion  1) 
I n  F = ( equa t ion  2) 
F i g u r e  1 i n c l u d e s  p l o t s  of t h e s e  equa t ions  which a r e  i n  e x c e l l e n t  ag ree -  
ment w i t h  the  d a t a ;  t h e  s c a t t e r  of t he  i n d i v i d u a l  p o i n t s  cor respond t o  
a s t a n d a r d  e r r o r  of abou t  2 . 5  pe rcen t  f o r  bo th  s e t s .  
The v a l u e s  f o r  t o  i n  bo th  equa t ions  cor respond t o  approximate ly  
85 p e r c e n t  of t he  t i m e  a t  which the f i r s t  f a i l u r e  was a c t u a l l y  observed 
and t o  approximate ly  55 p e r c e n t  of t h e  time r e q u i r e d  f o r  f a i l u r e  of h a l f  
of  t h e  specimens.  The v a l u e s ,  3.035 and 2 .545 ,  f o r  t he  exponents  i n  
the  two e q u a t i o n s  a r e  of a magnitude f r e q u e n t l y  determined by p rev ious  
i n v e s t i g a t o r s  f o r  p rocesses  i n  which f a i l u r e  r e s u l t e d  from a chemical  
change i n  t h e  specimen. 
I t  should be  emphasized t h a t  t h e  da t a  i n  F I G  1 were ob ta ined  under  
c o n d i t i o n s  of  c o n s t a n t  s tress.  E f f o r t s  t o  l oca t e  e q u i v a l e n t  sets of  
d a t a  f o r  f a i l u r e  of  specimens sub jec t ed  t o  c o n s t a n t  s t r a i n  have n o t  been 
s u c c e s s f u l ;  most d a t a  c o n s i s t  of r e s u l t s  f o r  r a t h e r  smal l  numbers of 
specimens in spec ted  a t  long  i n t e r v a l s  of t i m e .  P l o t s  of r e s u l t s  f o r  
s e v e r a l  s e t s  o f  f i v e  specimens each ( r e f .  4 )  a r e  shown i n  FIG 3 .  Although,  
a s  expec ted  f o r  such smal l  se t s ,  t h e  d a t a  tend t o  s c a t t e r  a p p r e c i a b l y ,  t h e  
o v e r a l l  behavior  p a t t e r n  i s  e n t i r e l y  s i m i l a r  t o  t h a t  noted f o r  the c o n s t a n t  
s t ress  t e s t  r e s u l t s  which a r e  shown i n  FIG 1 .  
Some i n v e s t i g a t o r s  ( r e f .  5) have sugges ted  t h a t  t he  d r i v i n g  f o r c e  
r e s u l t i n g  i n  specimen f a i l u r e  i s  the  r a t i o  of a p p l i e d  s t ress  t o  the  
e f f e c t i v e  c r o s s  s e c t i o n a l  a r e a  of the  specimen. Under c o n d i t i o n s  of 
c o n s t a n t  s t ress ,  t h i s  r a t i o  would be expec ted  t o  i n c r e a s e  w i t h  time a s  
a r e s u l t  o f  d e t e r i o r a t i o n  and subsequent  dec rease  i n  the  e f f e c t i v e  c r o s s  
s e c t i o n a l  a r e a  of the  specimen. Under c o n d i t i o n s  o f  c o n s t a n t  s t r a i n ,  
t h i s  r a t i o  could dec rease  because of s t r e s s  r e l i e f  which would r e s u l t  
from format ion  o f  minute cracks a t  the  s t r e s s e d  s u r f a c e .  
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Confirmation of t h e s e  f i n d i n g s  by t e s t i n g  l a r g e  groups of r e p l i c a t e  
specimens under c o n s t a n t  s t r e s s  and s t r a i n  c o n d i t i o n s  f o r  which t h e  t es t  
c o n f i g u r a t i o n s  a r e  s i m i l a r  i s  needed. A l s o ,  s t u d i e s  of the i n f l u e n c e  
o f  s t ress  l e v e l  and a l l o y  type on t h e  s t a t i s t i c a l  n a t u r e  of t h e  f a i l u r e  
time d i s t r i b u t i o n  would be of  much i n t e r e s t .  To d e f i n e  t h e  most s u i t a b l e  
index  of stress c o r r o s i o n  s u s c e p t i b i l i t y ,  a s t u d y  of  t h e  r a t i o s  between 
t h e  v a l u e s  f o r  t h e  d e l a y  t i m e ,  t h e  t i m e  of t h e  f i r s t  observed f a i l u r e ,  
and t h e  time f o r  h a l f  of the  specimens t o  f a i l  f o r  r e s u l t s  o b t a i n e d  
under a c c e l e r a t e d  t e s t  c o n d i t i o n s  and under c o n d i t i o n s  of  a c t u a l  exposure 
a t  v a r i o u s  geographic  l o c a t i o n s  would be most h e l p f u l .  
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The s i m i l a r i t y  of t h e  o v e r a l l  behavior  p a t t e r n s  i n d i c a t e d  i n  FIG 1 
and FIG 3 s u g g e s t s  t h a t  t h i s  s t r e s s  r e l i e f  d u r i n g  t h e  t e s t  p e r i o d  was 
n o t  an  important  v a r i a b l e  f o r  t h e s e  d a t a  and t h a t  t h e  p r o g r e s s i v e  re- 
d u c t i o n  i n  t h e  e f f e c t i v e  c r o s s  s e c t i o n a l  a r e a  dominated t h e  f a i l u r e  r a t e  
p a t t e r n  f o r  b o t h  types  of t e s t s .  It  should be n o t e d  t h a t  a t  t h e  v e r y  
beginning  of t h e  exposure p e r i o d  t h e r e  may be no d i f f e r e n c e  i n  t h e  two 
types  of t e s t  methods, depending on t h e  p a r t i c u l a r  t es t  c o n f i g u r a t i o n s  
used .  
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